The high-power semiconductor laser studied here is a modelocked integrated external-cavity surface emitting laser (MIXSEL), which combines the gain of vertical-external-cavity surface-emitting lasers (VECSELs) with the saturable absorber of a semiconductor saturable absorber mirror (SESAM) in a single semiconductor layer stack. The MIXSEL concept allows for stable and self-starting fundamental passive modelocking in a simple straight cavity and the average power scaling is based on the semiconductor disk laser concept. Previously record-high average output power from an optically pumped MIXSEL was demonstrated, however the long pulse duration of 17 ps prevented higher pulse repetition rates and many interesting applications such as supercontinuum generation and broadband frequency comb generation. With a novel MIXSEL structure, the first femtosecond operation was then demonstrated just recently. Here we show that such a MIXSEL can also support pulse repetition rate scaling from ≈5 GHz to >100 GHz with excellent beam quality and high average output power, by mechanically changing the cavity length of the linear straight cavity and the output coupler. Up to a pulse repetition rate of 15 GHz we obtained average output power >1 W and pulse durations <4 ps. Furthermore we have been able to demonstrate the highest pulse repetition rate from any fundamentally modelocked semiconductor disk laser with 101.2 GHz at an average output power of 127 mW and a pulse duration of 570 fs. 
Introduction
High power ultrafast laser sources with high gigahertz pulse repetition rates can be used in a broad field of applications, such as high-resolution optical sampling [1] , frequency metrology [2] and ultra high-speed and high-bandwidth communication systems [3] . Coherent optical communication requires low-noise sources such as diode-pumped solid-state lasers (DPSSLs) modelocked with a semiconductor saturable absorber mirror (SESAM [4] ), which have quantum noise limited performance [5] . Thus fiber lasers have been replaced by SESAM modelocked Er:Yb:glass lasers [5, 6] for world record results in optical communication as described in Ref [3] . For frequency comb generation gigahertz DPSSLs have shown impressive performance recently [6] [7] [8] , but they require more complex cavity setups and pumping schemes. In addition, they are not easily scalable to higher repetition rates as small gain cross-sections of the conventional ion-doped solid-state laser materials (typically in the order of <10 −19 cm 2 ) cause unwanted Q-switching instabilities at low intra-cavity pulse energy levels [9] . In contrast, optically pumped SESAM-modelocked semiconductor disk lasers (SDLs) or vertical-external-cavity surface-emitting lasers (VECSELs [10, 11]) can be fabricated using inexpensive wafer scale mass production at considerably lower costs, making this technology the most prominent candidate for widespread industrial applications. Those lasers are excellent candidates for such applications as they deliver femtosecond pulses with multi-watt average output power and excellent beam quality [12] [13] [14] . Furthermore, the large gain cross-sections of the semiconductor materials (in the order of 10 −14 cm 2 ) and the simple cavity geometry enabled stable modelocking even at very high repetition rates up to 50 GHz in fundamental modelocking This concept enables high-power ultrafast semiconductor lasers with reduced complexity, packaging, and manufacturing cost. Self-starting and stable fundamental modelocking can be achieved in a simple straight cavity, which is easily scalable to multi-100-GHz high repetition rates. The antiresonant MIXSEL design [20] allowed for multi-watt output power performance for the first time [21] , even up to 10 GHz pulse repetition rates [22] . The antiresonant MIXSEL was based on an integrated single layer quantum dot (QD) saturable absorber with which we achieved an average output power of 6.4 W with a pulse duration of 28 ps at a pulse repetition rate of 2.5 GHz [21], which has been the highest average power from an ultrafast semiconductor laser demonstrated so far. Furthermore, repetition rate scaling up to 10 GHz resulted in 17.1-ps-pulses and 2.4 W average output power shortly after [22] , but the long pulse duration and the slow recovery dynamics of the saturable absorber prevented a further increase in pulse repetition rate.
Recently we developed a fast saturable absorber that does not degrade during the MIXSEL integration. It is based on a low-temperature grown single InGaAs quantum well (QW) embedded into AlAs barrier layers [23] . AlAs barriers introduce oxygen defects that are more robust during the long annealing taking place to finish the MBE growth of the full MIXSEL structure. Operated close to the band edge this saturable absorber has low saturation fluence and fast recovery dynamics, which are key requirements for stable modelocking and shorter pulse durations. Integrated into a first MIXSEL structure we were able to increase the repetition rate to 20 GHz with slightly shorter pulse durations of 6.8 ps however with a low average output power of only 8 mW because the thermal management of the MIXSEL was not optimized yet [24] . Using the same saturable absorber with better thermal management we then demonstrated the first femtosecond MIXSEL with a pulse duration of 620 fs at 4.83 GHz repetition rate and 101 mW of average output power [23]. The simple and inexpensive MIXSEL technology combines high-power with short pulse durations to achieve record-high average and peak power at >15 GHz pulse repetition rate [25] .
Here, we demonstrate simple pulse repetition rate scaling from ≈5 GHz to 101.2 GHz, maintaining an excellent beam quality and good average output power for all individual measurements. This represents the largest scaling range of any gigahertz ultrafast laser technology based on the same laser setup. Up to 15 GHz, we achieved high average output power with >1 W and pulse durations of <4 ps (see Fig. 3 ). We substantially improved on the previous record 50-GHz repetition rate performance [15] with femtosecond MIXSEL operation at both 60 GHz and 101.2 GHz pulse repetition rates. At 101.2 GHz we also have generated the shortest pulses from a MIXSEL with a pulse duration of 570 fs. Furthermore to the best of our knowledge, in the pulse repetition rate range from 15 GHz to 101.2 GHz we obtained the highest average output power and highest peak power of any fundamentally modelocked laser (see Fig. 2 ).
MIXSEL concept and design
In a MIXSEL stable and self-starting fundamental passive modelocking can be achieved in a simple straight cavity, in which the semiconductor chip and a standard curved output coupler serve as cavity end mirrors (see Fig. 1(b) ). By changing the distance between the cavity elements, the pulse repetition rate of the fundamentally modelocked MIXSEL can be varied easily over orders of magnitude without changing the laser setup fundamentally. The MIXSEL chip is optically pumped under an angle of 45° by a commercially available 808-nm diode array which is coupled into a multi-mode fiber with an M 2 of ≈75. The MIXSEL structure was grown in a single run with a VEECO GEN III (Veeco instruments Inc., St. Paul, Minnesota) MBE machine in the FIRST cleanroom facility at ETH Zurich. The structure was grown in reverse epitaxial order with a single etch-stop layer placed between the undoped GaAs substrate and the structure for subsequent flip-chip bonding. After the epitaxy, the structure is bonded on a chemical-vapor-deposited diamond heat-spreader and the remaining substrate is removed [26] .
Laser light at a wavelength of around 960 nm is reflected by an AlAs/GaAs distributed Bragg reflector (DBR), while the pump light is reflected by an AlAs/Al 0.2 Ga 0.8 As DBR designed for the pump wavelength of 808 nm (see Fig. 1(a) ). A single InGaAs QW absorber is placed between the two DBRs at the antinode of the standing wave pattern of the electric field intensity. For characterizing the saturable absorber, we have grown a SESAM with the same absorber properties as in the MIXSEL. Nonlinear reflectivity measurements were performed with 1.6-ps pulses at a wavelength of 960 nm for different SESAM temperatures with a setup described in [27] . In the temperature regime of 60-80°C at the absorber position, the modulation depth is found to be in the desired regime of 1-2% at saturation fluences of below 10 µJ/cm 2 . Lower absorber temperatures lead to a modulation depth which is too low, whereas even higher absorber temperatures lead to linear absorber losses that stop the MIXSEL from reaching the laser threshold [23]. recovery time of τ fast ≈380 fs and a slow recovery time of τ slow ≈4.1 ps. The slow recovery time constant is therefore more than 40 times faster compared to the dynamics of the integrated saturable absorber of the previous QD-based MIXSEL [21, 22] and can support shorter pulse durations. The active region is based on ten compressively strained In 0.12 Ga 0.88 As QWs embedded in GaAs. An anti-reflection (AR) section is grown on top of the active region. It is numerically optimized and consists of 3.5-pairs of AlAs/Al 0.2 Ga 0.8 As and ends with a layer of fused silica that was deposited by plasma enhanced chemical vapor deposition after the flip-chip bonding process. The AR section reduces pump light reflection at the surface of the MIXSEL chip and provides a flat and slightly positive group delay dispersion (GDD) within ± 15 nm bandwidth centered around the design wavelength of 960 nm. A detailed description of the MIXSEL structure and a characterization of the integrated saturable absorber parameters are found in [23]. Table 1 and Fig. 3 summarize our results with regards to pulse repetition rate scaling. We changed the cavity length from 29.4 to 1.49 mm to tune the pulse repetition rate from 5.1 GHz to more than 100 GHz. Fig. 3 . Pulse repetition-rate scaling of high-power QW-absorber MIXSEL: a) Average output power (blue circles) and pulse duration (red squares) are given as a function of pulse repetition rates ranging from ≈5 GHz to 101.2 GHz. Output couplers with different radii of curvature (green) and transmissions (purple) ensure stable cavity configurations for the different cavity lengths. Watt-level operation was achieved up to 15 GHz and femtosecond pulse durations at 60 GHz and 101.2 GHz; b) Intracavity power (purple circles) and fluence on MIXSEL (gray squares) indicate a lower degree of absorber saturation with higher pulse repetition rates. This results in increased non-saturated absorber losses and reduced output power.
Experimental results
The transmission (T OC ) and the radius of curvature (ROC) of the output couplers had to be adapted to ensure stable laser and cavity configurations for a certain range of pulse repetition rates. For the 5.1 GHz pulse repetition rate, a T OC = 1%, for 10 GHz and 15 GHz a T OC = 0.7% was used, respectively. This supported watt-level average output power with a maximum of 1.29 W at 10 GHz pulse repetition rate. An even smaller output coupler transmission of T OC = 0.5% had to be used for all higher pulse repetition rates to compensate for the weaker absorber saturation and therefore increased non-saturated losses of the MIXSEL.
By successively reducing the distance between the output coupler and the MIXSEL-chip from ≈30 mm to 3 mm, the pulse repetition rate was increased from ≈5 GHz to 50 GHz in steps of 5 GHz (see Fig. 3(a) ). In this range from ≈5 GHz to 50 GHz, the pulse duration was measured to be below 4 ps for all measurements with a minimum of 1.15 ps at 45 GHz. By reducing the cavity length even more, the highest pulse repetition rate of any fundamentally modelocked SDL of 50 GHz [15] was surpassed, demonstrating a femtosecond MIXSEL with 60 GHz and 101.2 GHz repetition rate. At the highest pulse repetition rate of 101.2 GHz, 127 mW of average output power (see Fig. 4 (e)) were measured. A long-delay autocorrelation (see Fig. 4(a) ) including crosscorrelations with preceding and subsequent pulses with a distance of the pulse repetition rate confirms stable fundamental passive modelocking at 101.2 GHz. A short-delay intensity autocorrelation trace with a fit to the autocorrelation of a sech 2 -shaped pulse yields a pulse duration of 570 fs (see Fig. 4(b) ). The optical spectrum with a resolution bandwidth of 10 pm is centered around 963.8 nm and the average longitudinal mode-spacing of 0.313 nm was used to precisely determine the pulse repetition rate (see Fig. 4(c) ). The spectrum has a full width at half maximum (FWHM) of 2.62 nm, resulting in a time bandwidth product (TBP) of 0.47, which is 1.5 times the transform limit for sech 2 -pulses (see Fig. 4(d) ). The average power per longitudinal mode is 7.5 mW (−30 dBc limit) with a maximum of 15.3 mW in the most powerful mode. For the whole range of pulse repetition rates, excellent beam quality with M 2 < 1.07 ± 0.05 was measured. The MIXSEL chip was kept at different temperatures between −4 °C and 10 °C to ensure optimum modelocking conditions for the varying cavity configurations. The pump power levels needed throughout the pulse repetition rate scaling were rather high and ranged between 14.2 W and 25.1 W.
For increasing pulse repetition rates the average output power and also the intracavity power drops (see Fig. 3(b) ) Simulations revealed that the pulse formation in modelocked SDLs is based on a delicate balance between dynamic gain saturation, absorber saturation and intracavity GDD [29] . Reduced intracavity fluences (see Fig. 3(b) and Fig. 5 ) at higher repetition rates lead to higher saturable absorber losses (absorber saturation fluence F sat, absorber ≈7-10 µJ/cm 2 ). Those losses cannot be compensated by weaker saturation of the active QWs, which results only in a very little increase in gain (gain saturation fluence F sat, gain ≈50-70 µJ/cm 2 [30] ). In contrast to ion-doped solid-state laser materials, increasing the small-signal gain by higher pump intensities is limited for a MIXSEL, since the ideal temperature gradient for spectral overlap between gain and absorber needs to be maintained inside the semiconductor structure. As discussed in more details in Ref [23] the MIXSEL structure with both the gain and the absorber is designed for a specific operation temperature taking into account the well defined red-shift of the bandgap with increasing temperature.
The pulse durations decrease for increasing pulse repetition rates. This is more complicated because multiple important parameters change. For example we have shown in similar VECSEL gain structures that the saturation fluence of the gain F sat, gain decreases with shorter pulse duration, e.g. 50 µJ/cm 2 for 1.4-ps pulses and 30 µJ/cm 2 for 130-fs probe pulses [30] . From 5 GHz to 100 GHz the pulse duration changes from ≈4 ps to 570 fs. In addition, the intracavity pulse fluence is significantly reduced at higher repetition rate, such that both the gain and the absorber are not strongly saturated anymore (see Fig. 5 ). Clearly we do not want to operate the MIXSEL with limited absorber saturation because this reduces the available output power and the overall efficiency. Work is in progress to optimize the design for specific operation parameters. This result however shows the great potential for the MIXSEL. Fig. 5 . Illustration of the nonlinear behavior of laser gain and saturable absorber: The simulated nonlinear reflectivity of the gain (grey) with an assumed small-signal gain of 5% (105% reflectivity) and a gain saturation fluence of F sat, gain ≈50 µJ/cm 2 [30] is compared to the fit of a measured nonlinear absorber reflectivity (red) with 2.3% modulation depth and a saturation fluence of F sat, absorber ≈7.6 µJ/cm 2 [23]. The intracavity fluences on the MIXSEL (blue) decrease significantly for higher pulse repetition rates. Therefore the low absorber saturation leads to high linear losses, which cannot be compensated by the weaker saturation of the gain.
The femtosecond pulse durations in principle could support even higher pulse repetition rates before the pulses start to temporally overlap inside the cavity. Reducing T OC to increase the intracavity fluence and therefore the degree of absorber saturation comes at the expense of average output power. Further work is needed to obtain more average output power in this regime. At this point the current pumping geometry (i.e. pumping the MIXSEL-chip under an angle of 45°) sets a geometrical lower limit to the cavity length, before the pump beam is clipped by the output coupler. These geometrical boundaries can be overcome by pumping the MIXSEL through a dichroic output coupler that is transparent for the 808-nm pump light, which should allow cavity geometries for significantly higher pulse repetition rates. Another possibility would be to pump the MIXSEL through the substrate, as has been proposed before [31].
Conclusion and outlook
We presented simple pulse repetition rate scaling of a high-power modelocked integrated external-cavity surface-emitting laser (MIXSEL) from ≈5 GHz to 50 GHz in steps of 5 GHz. From ≈5 GHz to 15 GHz we achieved watt-level operation in sub-4-ps pulses. We additionally demonstrated stable femtosecond operation at pulse repetition rates of 60 GHz and 101.2 GHz, achieving new world-record performance with the highest pulse repetition rate of any fundamentally modelocked SDL to date. In addition, operation at the highest pulse repetition rate resulted in the shortest pulses from a MIXSEL with a duration of 570 fs. To the best of our knowledge in this pulse repetition rate scaling study we achieved the highest average output power and highest peak power levels of any fundamentally modelocked laser between 15 GHz and 101.2 GHz and also demonstrated the largest gigahertz pulse repetition rate scaling range of any passively modelocked laser technology (see Fig. 2 ). For all measurements excellent beam quality with M 2 < 1.07 ± 0.05 was obtained. Key for this successful demonstration was the fast saturable absorber with a low saturation fluence and the broadband dispersion compensation. A fast low saturation fluence integrated saturable absorber was achieved with a single low-temperature grown InGaAs quantum well embedded in AlAs barrier layers. The dispersion was optimized with a broadband anti-reflection section with small group delay dispersion (GDD) centered at the lasing wavelength.
This novel MIXSEL is a unique high-power ultrafast laser source that can be used for applications in the field of optical clocking, optical communication and frequency metrology. Both the amplitude noise and the timing jitter of this laser is excellent and comparable to diode-pumped solid-state lasers [32] . The semiconductor gain material makes the MIXSEL technology not only more flexible in design and wavelength, but also avoids Q-switching instabilities at very high pulse repetition rates and low intracavity pulse energy levels. Further optimization of the structure and absorber should result in a better optical-to-optical efficiency and together with mode-size power scaling femtosecond operation at watt-level average output power is expected in a broad range of gigahertz pulse repetition rates.
